
A Calculation Model for the Loess Collapse
Coefficient Considering Progressive Wetting, Dry
Density, and Applied Vertical Pressure Calculation
Model for Moisture-Induced Collapse of Loess
Considering Three Factors: Overburden Pressure,
Water Content and Density
Aijun ZHANG 

Xijing University
Jianguo DU 

Xijing University
Zhichao LIANG 

Shangluo University

Article

Keywords: wetting-induced collapse, collapse coefficient, three-factor coupled model, degree of
saturation, void ratio

Posted Date: September 18th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10862154/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Version of Record: A version of this preprint was published at Scientific Reports on October 16th, 2026.
See the published version at https://doi.org/10.1038/s41598-026-75714-7.

https://doi.org/10.21203/rs.3.rs-10862154/v1
https://doi.org/10.21203/rs.3.rs-10862154/v1
https://doi.org/10.21203/rs.3.rs-10862154/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-026-75714-7


   

 

 
 

Article 1 

A Calculation Model for the Loess Collapse Coefficient Con- 2 

sidering Progressive Wetting, Dry Density, and Applied Verti- 3 

cal Pressure 4 

Calculation Model for Moisture-Induced Collapse of Loess Considering Three Factors: Overburden Pressure, Water 5 

Content and Density 6 

 7 

Aijun ZHANG1,2,3*, Jianguo DU 1,2 and Zhichao LIANG 3,4 8 

1 School of Civil Engineering ,Xijing University, Xian 710123, China; zaj@nwsuaf.edu.cn（A.ZHANG） 9 

1309058975@qq.com(J.DU), 13186055201@163.com(Z.LIANG) 10 
2 Shaanxi Key Laboratory of Safety and Durability of Concrete Structures, Xi’an 710123, China 11 
3.   School of Water Resources and Civil Engineering, Northwest A&F University, Yangling 712100, China;  12 
4   School of Urban and Rural Planning and Architectural Engineering, Shangluo University, Shangluo 13 

726000, China; 14 
*   Correspondence: zaj@nwsuaf.edu.cn; Tel.: 139 9184 3800 15 

Abstract 16 

To quantify the coupled effects of moisture state, pore-structure state, and applied vertical 17 

pressure on loess collapsibility, a series of laboratory collapse tests was conducted on 18 

remolded loess collected from the Ili region of Xinjiang, China. The water content ranged 19 

from 6.6% to 21.0%, the dry density ranged from 1.24 to 1.47 g/cm³, and the applied verti- 20 

cal pressure ranged from 50 to 2000 kPa. The relationships of the collapse coefficient with 21 

water content, degree of saturation, dry density, and applied vertical pressure were first 22 

examined. Dry density was converted to void ratio, while degree of saturation was calcu- 23 

lated from water content and void ratio. Based on the observed nonlinear pressure re- 24 

sponse, a pressure-dependent formulation with fixed exponents m=1.6 and n=1.0 was 25 

adopted. The model parameters were further expressed as continuous functions of degree 26 

of saturation and void ratio, yielding a three-factor coupled model governed by dimen- 27 

sionless pressure, degree of saturation, and void ratio. 28 

Model performance was evaluated using all valid test data and by comparing calculated 29 

response surfaces with measured results under different void-ratio conditions. The col- 30 

lapse coefficient generally decreased with increasing water content and degree of satura- 31 

tion, while the influence of pore-structure state depended on both moisture state and ap- 32 

plied vertical pressure. The pressure-dependent response was distinctly nonlinear, typi- 33 

cally increasing to a peak and then decreasing or approaching a relatively stable value. 34 

Back-calculation of the complete model yielded R2=0.783, RMSE = 0.0217, and MAE = 35 

0.0171, indicating that the model satisfactorily captured the principal variations in col- 36 

lapse coefficient within the investigated range. 37 

A wetting parameter was further introduced to characterize the relative progression from 38 

the initial moisture state toward theoretical saturation. Within the experimentally investi- 39 

gated range, the wetting parameter varied from 0 to 0.5839, corresponding to degrees of 40 

saturation from 0.1504 to 0.6717. The measured normalized proportions of the interval- 41 
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averaged collapse coefficients across four saturation intervals were 39.16%, 23.83%, 42 

19.38%, and 17.63%, while the corresponding calculated values were 37.82%, 26.80%, 43 

21.05%, and 14.34%, respectively. The comparison indicates that the model reasonably re- 44 

produces the overall reduction in collapse response with increasing degree of saturation, 45 

although it slightly underestimates the response at relatively high saturation levels. 46 

The engineering applicability of the proposed model was further examined using a 30 m 47 

large-scale field immersion test reported for the Ili region. The model-predicted self- 48 

weight collapse was 3330.71 mm, compared with the measured value of 3520 mm, corre- 49 

sponding to a relative error of 5.38%. These results show that the proposed model pro- 50 

vides a practical framework for evaluating loess collapsibility and estimating foundation 51 

self-weight collapse from depth-dependent moisture and density data within the investi- 52 

gated stress and state ranges. 53 

Keywords: wetting-induced collapse; collapse coefficient; three-factor coupled model; de- 54 

gree of saturation; void ratio  55 

 56 

1. Introduction 57 

Loess is an aeolian silt deposit formed during the Quaternary under arid and semi- 58 

arid climatic conditions [1]. It is typically yellow to yellowish brown and commonly ex- 59 

hibits a metastable, open-pore structure in its natural unsaturated state. In China, loess is 60 

widely distributed across the northern and northwestern regions, including Xinjiang, and 61 

covers approximately 6.35×105km2, accounting for about 6.6% of the national land area [2- 62 

4]. Its high void ratio, low natural density, and weak interparticle bonding make it partic- 63 

ularly susceptible to wetting-induced structural collapse [5-11]. When wetting occurs un- 64 

der load, interparticle bonds weaken and the metastable structure undergoes rapid rear- 65 

rangement [12], producing additional settlement beyond conventional compression. Such 66 

deformation may compromise the serviceability and safety of engineering structures, 67 

making loess collapsibility a major concern in geotechnical engineering. 68 

Wetting-induced collapse also plays an important role in loess landform evolution, 69 

geological hazard development, and infrastructure damage. The associated risks are par- 70 

ticularly significant in reservoirs, canals, slopes, pavements, and foundation systems, 71 

where rainfall infiltration, reservoir impoundment, and groundwater-level fluctuations 72 

continuously alter the soil moisture state. Progressive wetting weakens the original soil 73 

fabric and reduces structural stability, potentially leading to landslides, slope failure, 74 

pavement subsidence, and differential settlement of buildings [3]. 75 

In water conservancy and hydraulic engineering projects, variations in the soil mois- 76 

ture state caused by reservoir impoundment, seepage infiltration, and groundwater-level 77 

fluctuations can alter matric suction and interparticle bonding. Under existing stress con- 78 

ditions, progressive wetting may degrade the metastable loess structure, resulting in ad- 79 

ditional settlement and deformation.  80 

Such wetting-induced deformation is particularly concerning for hydraulic struc- 81 

tures constructed in loess regions, including reservoirs, water conveyance facilities, and 82 

pumped-storage hydropower stations. Long-term changes in the surrounding moisture 83 

state may increase the risk of foundation settlement, differential deformation, and slope 84 

instability. Liu et al. [28] demonstrated that water infiltration significantly affects the me- 85 

chanical response of collapsible loess and alters the load-transfer behavior of engineering 86 

structures. Therefore, developing a quantitative model for evaluating loess collapsibility 87 
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under different stress levels, moisture states, and pore-structure conditions is important 88 

for the design and performance assessment of hydraulic engineering projects. 89 

Previous studies have examined loess collapsibility in relation to moisture condition, 90 

dry density, stress level, stress path, water infiltration, and structural degradation. Wet- 91 

ting-induced collapse is generally attributed to the breakdown of the metastable soil fabric 92 

and the subsequent rearrangement of particles under load [12]. Experimental evidence 93 

indicates that initial water content, dry density, stress level, and stress path jointly affect 94 

the magnitude and development of collapse deformation, whereas increased compaction 95 

generally reduces collapse potential [13,14]. Field and laboratory studies have further 96 

shown that sustained infiltration promotes structural weakening and additional settle- 97 

ment, while the resulting deformation response depends on the interaction between mois- 98 

ture migration and the prevailing stress state [15-17]. These findings demonstrate that lo- 99 

ess collapsibility is governed by interacting stress and state variables rather than by a sin- 100 

gle factor. 101 

Recent advances in imaging and microstructural characterization have improved the 102 

understanding of the mechanisms underlying wetting-induced collapse. Existing obser- 103 

vations indicate that changes in pore-size distribution, particle arrangement, interparticle 104 

bonding, and macropore connectivity are closely associated with the macroscopic defor- 105 

mation of loess during wetting [18-20]. For lime-treated Ili loess, Liang et al. [21] found 106 

that curing-induced changes in microstructure were accompanied by marked variations 107 

in water-retention behavior, further demonstrating the close coupling between pore struc- 108 

ture and moisture state. These studies provide an important basis for interpreting loess 109 

collapsibility from both macroscopic and microstructural perspectives. 110 

Nevertheless, several research gaps remain. First, most existing studies have exam- 111 

ined the effects of moisture state, dry density, stress path, and pore structure separately, 112 

whereas the coupled response of loess collapsibility to simultaneous variations in applied 113 

stress, moisture state, and pore-structure state has not been fully quantified. Second, con- 114 

ventional collapse tests generally represent discrete initial states, while loess in engineer- 115 

ing practice is often subjected to progressive wetting caused by rainfall infiltration, 116 

groundwater-level fluctuations, or reservoir impoundment. The evolution of collapse po- 117 

tential during such wetting processes remains insufficiently understood. Third, a contin- 118 

uous formulation that relates the collapse coefficient to applied stress level, moisture state, 119 

and pore-structure state is still required for practical evaluation under changing soil con- 120 

ditions. 121 

Accordingly, this study investigated the collapsibility of remolded Ili loess under dif- 122 

ferent water-content conditions, dry densities, and applied vertical pressures using the 123 

double-oedometer method. The effects of moisture state, dry-density condition, and ap- 124 

plied vertical pressure on the collapse coefficient were first examined. The dry density 125 

was subsequently converted to void ratio, while the degree of saturation was calculated 126 

from the water content and void ratio, and a three-factor coupled model was developed 127 

in terms of dimensionless pressure, degree of saturation, and void ratio. A wetting pa- 128 

rameter was further introduced to describe the progression of wetting within the experi- 129 

mentally investigated range. The proposed framework provides a continuous means of 130 

evaluating the collapse coefficient of Ili loess under varying applied vertical pressure, 131 

moisture state, and pore-structure state. 132 

  133 
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2.Materials and Methods 134 

2.1 Materials 135 

The soil used in this study was collected from the fourth terrace on the left bank of 136 

the Tekes River in Ili, Xinjiang, China, at depths of 8.0–15.0 m. The soil samples were col- 137 

lected during the site investigation for a proposed hydropower project in Ili, Xinjiang, 138 

China, and permission for field sampling was obtained from the local government prior 139 

to sample collection. The sampled loess was yellow in color. To reduce the influence of 140 

spatial heterogeneity within the deposit, bulk soil was manually collected from several 141 

locations across the sampling area. Field observations showed only minor variations in 142 

particle-size composition with depth, indicating that the soil layer was relatively uniform. 143 

The particle-size distribution was determined by laser diffraction using an LS 13 320 144 

particle size analyzer, whereas the specific gravity and Atterberg limits were measured in 145 

accordance with GB/T 50123-2019 [23]. The soil comprised approximately 0.5% sand, 146 

81.5% silt, and 18.0% clay, accounting for 100% of the sample. The colloidal fraction rep- 147 

resented 10.1% of the total soil mass and was included within the clay fraction rather than 148 

treated as a separate particle-size component. The specific gravity of the soil solids was 149 

2.72, while the plastic limit, liquid limit, and plasticity index were 17.0%, 28.0%, and 11, 150 

respectively. According to the Unified Soil Classification System, the soil was classified as 151 

low-plasticity clay (CL). The basic physical properties of the tested soil are summarized 152 

in Table 1. 153 

Table 1. Basic physical properties of the tested loess. 154 

2.2 Experimental Program 155 

To investigate the effects of water content and dry density on loess collapsibility, col- 156 

lapse tests were conducted on specimens prepared under five water-content conditions 157 

and four target dry densities. The tested water contents were 6.6%, 12.5%, 14.1%, 18.2%, 158 

and 21.0%, while the corresponding target dry densities were 1.24, 1.31, 1.39, and 1.47 159 

g/cm³. These conditions enabled a systematic evaluation of the effects of moisture state 160 

and pore-structure state on the collapse behavior of loess. 161 

In accordance with the Standard for Building Construction in Collapsible Loess Re- 162 

gions (GB 50025-2018) [24] and the requirements of laboratory oedometer testing, seven 163 

applied vertical pressures were used: 50, 100, 200, 400, 800, 1200, and 2000 kPa. The max- 164 

imum applied vertical pressure was 2000 kPa to characterize the collapse response over a 165 

broad pressure range. 166 

2.3 Specimen Preparation and State-Variable Definition 167 

Before specimen preparation, the collected loess was oven-dried at 105 °C, gently 168 

disaggregated, and passed through a 2 mm sieve. The required amount of water was then 169 

added uniformly using a fine-spray method to achieve the prescribed water content. The 170 

moistened soil was sealed with plastic film and allowed to equilibrate for 24 h to ensure 171 

uniform moisture distribution. 172 

The specimens were subsequently prepared by layered static compaction. The thor- 173 

oughly mixed soil was placed into a standard cutting ring with an inner diameter of 61.8 174 

mm and a height of 20 mm. The mass of soil added to each layer and the degree of com- 175 

paction were carefully controlled to achieve the prescribed dry density. After preparation, 176 
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the mass and dimensions of each specimen were measured to confirm that the target test- 177 

ing conditions had been satisfied. All specimens were prepared using the same procedure 178 

to ensure consistency among the tests. 179 

To facilitate comparison among specimens with different soil-state conditions, the 180 

measured pressure, water content, and dry density were expressed using representative 181 

state variables before analysis. The applied vertical pressure was normalized by the refer- 182 

ence atmospheric pressure to obtain the dimensionless pressure P. The dry density was 183 

converted to void ratio e, while the degree of saturation Sr was calculated from the water 184 

content and void ratio, as follows: 185 

ap

p
P =                                         (1) 186 

1-
ρ
ρG

=e
d

ws                                       (2) 187 

e

wG
=S s

r

                                       (3) 188 

The variables P, Sr, and e were subsequently used to represent the applied vertical 189 

pressure level, moisture state, and pore-structure state, respectively. 190 

2.4 Collapse Test Procedure 191 

Laboratory collapse tests were conducted to evaluate the collapsibility of loess under 192 

different water-content and dry-density conditions. The double-oedometer method was 193 

adopted for the main test program, while selected single-oedometer tests were conducted 194 

as supplementary verification. All tests followed the procedures and deformation-stabil- 195 

ity criteria specified in the Standard for Geotechnical Testing Method (GB/T 50123–2019) 196 

[23].  197 

According to the Standard for Building Construction in Collapsible Loess Regions 198 

(GB 50025–2018) [24], the collapse coefficient is defined as follows: 199 

                            
0h

hh '
pp

s

−
=                                (4) 200 

where δs is the collapse coefficient; hp is the stabilized specimen height under a specified 201 

vertical pressure before inundation, mm; hp′ is the stabilized specimen height under the 202 

same vertical pressure after inundation and saturation, mm; and h0 is the initial specimen 203 

height, mm. 204 

3. Results and Discussion 205 

3.1 Relationships of the collapse coefficient with water content and degree of saturation 206 

  

(a) (b) 
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(c) 

Figure 1. Relationships between the collapse coefficient and water content under different dry-den- 207 

sity conditions: (a) ρd=1.24g/cm3; (b) ρd=1.31g/cm3; (c) ρd=1.39g/cm3.  208 

Figures 1(a)-(c) show that the collapse coefficient generally decreased with increasing 209 

water content under all investigated dry-density conditions. The decrease was particu- 210 

larly pronounced as the water content increased from 6.6% to approximately 12.5%– 211 

14.1%, whereas the curves gradually flattened at higher water contents of 18.2%–21.0%. 212 

These results indicate that loess collapsibility is more sensitive to changes in moisture state 213 

at relatively low water contents, whereas the remaining collapse potential gradually de- 214 

creases as the soil approaches a wetter state. 215 

The observed trend can be attributed to the influence of moisture state on the wet- 216 

ting-induced structural response of loess. At relatively low water contents, the specimens 217 

retained greater potential for structural rearrangement upon inundation, resulting in rel- 218 

atively large collapse deformation. As the water content increased, the difference between 219 

the soil states before and after inundation decreased, thereby reducing the additional de- 220 

formation induced by wetting. The collapse response was also affected by dry density and 221 

applied vertical pressure. Specimens with lower dry densities generally exhibited larger 222 

collapse coefficients, while the differences among the pressure-dependent curves indicate 223 

that the effect of water content on collapsibility was also dependent on the applied pres- 224 

sure. 225 

Overall, increasing water content reduced the measured collapse coefficient and 226 

caused several curves to approach or fall below the collapsibility criterion of δs=0.015. 227 

However, water content alone does not fully characterize the actual moisture state be- 228 

cause the same water content may correspond to different degrees of pore-water filling 229 

under different pore-structure states. Previous research on Ili loess has also shown that 230 

soluble salt content can affect unfrozen-water content and matric suction under cooling 231 

conditions [22], further indicating that the internal water state of loess may be influenced 232 

by both pore structure and physicochemical conditions. Therefore, the degree of satura- 233 

tion was adopted as a more representative indicator of moisture state, and its relationship 234 

with the collapse coefficient was further examined. 235 
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(a) (b) 

 
(c) 

Figure 2. Relationships between the collapse coefficient and degree of saturation under different 236 

applied vertical pressures: (a) ρd=1.24g/cm3; (b) ρd=1.31g/cm3; (c) ρd=1.39g/cm3.  237 

Figures 2(a)-(c) illustrate the relationship between the collapse coefficient and degree 238 

of saturation under different dry-density conditions. Compared with water content, de- 239 

gree of saturation provides a more direct measure of the extent to which the pore space is 240 

occupied by water. The collapse coefficient generally decreased with increasing degree of 241 

saturation. At relatively low degrees of saturation, the curves decreased rapidly, indicat- 242 

ing that loess collapsibility was highly sensitive to changes in moisture state. As the de- 243 

gree of saturation increased beyond approximately 50%, the collapse coefficient continued 244 

to decrease, although the rate of reduction became smaller. Within the investigated satu- 245 

ration range, the curves gradually approached relatively low values, indicating a progres- 246 

sive reduction in the remaining collapse potential. 247 

Overall, increasing degree of saturation was associated with a reduction in the col- 248 

lapse coefficient. However, water content alone cannot fully characterize the moisture 249 

state of the specimens because soils with different dry densities may exhibit different de- 250 

grees of pore-water filling at the same water content. Therefore, in the subsequent model 251 

development, dry density was converted to void ratio, while degree of saturation was 252 

calculated from water content and void ratio. The degree of saturation and void ratio, 253 

together with the dimensionless pressure P, were then incorporated into the coupled col- 254 

lapse-coefficient model. 255 

3.2 Relationship between the Collapse Coefficient and Void Ratio 256 

  257 
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 3. Relationships between the collapse coefficient and void ratio under different water-content 258 

conditions: (a) w=6.6%; (b) w=12.5%; (c) w=14.1%; (d) w=18.2%; (e) w=21%.  259 

Figures 3(a)–(e) illustrate the relationships between the collapse coefficient and void 260 

ratio under different water-content conditions. The influence of void ratio on the collapse 261 

coefficient varied with both water content and applied vertical pressure. Under several 262 

pressure conditions, noticeable differences in the collapse coefficient were observed 263 

among specimens with different void ratios, whereas non-monotonic variations occurred 264 

under some combinations of water content and pressure. These results indicate that the 265 

effect of pore-structure state on loess collapsibility cannot be considered independently of 266 

moisture state and applied vertical pressure. 267 
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Because void ratio is inversely related to dry density, changes in e reflect variations 268 

in the pore-structure state of the specimens. However, the influence of pore structure on 269 

the collapse response depended strongly on the water-content condition. At relatively low 270 

water contents, differences among the void-ratio conditions were generally more pro- 271 

nounced, whereas these differences tended to decrease as the soil approached a wetter 272 

state. This behavior indicates a coupled influence of moisture state and pore-structure 273 

state on the wetting-induced collapse response. 274 

Differences were also observed among the curves corresponding to different applied 275 

vertical pressures. The magnitude and variation of the collapse coefficient with void ratio 276 

changed with pressure, indicating that applied vertical pressure modified the contribu- 277 

tion of pore-structure state to the collapse response. Therefore, neither void ratio nor mois- 278 

ture state alone can fully characterize loess collapsibility. The coupled effects of dimen- 279 

sionless pressure, degree of saturation, and void ratio were consequently incorporated 280 

into the subsequent collapse-coefficient model. 281 

3.3 Relationship between the Collapse Coefficient and Applied Vertical Pressure 282 

  283 

  

(a) (b) 

  
(c) (d) 
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(e) 

Figure 4. Relationships between the collapse coefficient and applied vertical pressure under differ- 284 

ent water-content conditions: (a) w=6.6%; (b) w=12.5%; (c) w=14.1%; (d) w=18.2%; (e) w=21%.  285 

Figures 4(a)-(e) illustrate the relationship between the collapse coefficient and ap- 286 

plied vertical pressure under different water-content conditions. The collapse coefficient 287 

did not vary monotonically with applied vertical pressure. Instead, it generally increased 288 

over the low-to-intermediate pressure range, reached a maximum within an intermediate 289 

pressure interval, and subsequently decreased or approached a relatively stable value. 290 

This behavior indicates the existence of a pressure-sensitive range in which wetting-in- 291 

duced collapse is more pronounced. Beyond this range, further increases in applied ver- 292 

tical pressure did not necessarily result in larger collapse coefficients. 293 

The pressure corresponding to the maximum collapse coefficient varied among the 294 

different dry-density conditions. For several specimens, relatively large collapse coeffi- 295 

cients occurred within the applied-pressure range of approximately 100–400 kPa, alt- 296 

hough the peak position differed among the individual soil states. This variation indicates 297 

that the pressure-dependent collapse response was influenced by the pore-structure state 298 

of the soil. In general, looser specimens exhibited greater susceptibility to wetting-induced 299 

structural rearrangement, whereas denser specimens showed different pressure-depend- 300 

ent response characteristics. 301 

Under conditions of low water content or relatively low dry density, the collapse co- 302 

efficient remained above the collapsibility criterion of δs=0.015 even at an applied vertical 303 

pressure of 2000 kPa, indicating that appreciable collapse potential persisted at high stress 304 

levels. By contrast, under conditions of higher water content or greater dry density, some 305 

curves approached or fell below δs=0.015 at pressures of approximately 800-1200 kPa. This 306 

result indicates that the collapse potential was substantially reduced and that some spec- 307 

imens could be classified as non-collapsible according to the adopted criterion. 308 

Therefore, a single pressure threshold cannot be used to determine whether loess 309 

becomes non-collapsible, because the corresponding pressure depends on both moisture 310 

state and pore-structure state. Within the investigated range, the collapse coefficients of 311 

many wetter or denser specimens decreased to relatively low values at applied vertical 312 

pressures of 1200–2000 kPa. In contrast, some specimens at lower water contents retained 313 

appreciable collapse coefficients over the same pressure range, indicating that collapse 314 

potential may persist even under relatively high applied vertical pressures. 315 

Overall, the collapse coefficient exhibited a nonlinear pressure-dependent response 316 

characterized by an initial increase followed by a subsequent decrease. Water content and 317 

dry density affected the magnitude and pressure-dependent evolution of the collapse re- 318 
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sponse. These results indicate that loess collapsibility is governed by the coupled influ- 319 

ences of applied vertical pressure, moisture state, and pore-structure state. Accordingly, 320 

the subsequent model was formulated on the basis of the nonlinear pressure response and 321 

incorporated degree of saturation and void ratio to represent the combined influences of 322 

moisture state and pore-structure state. Sun et al. [25] similarly reported that the collapse 323 

coefficient is jointly controlled by pressure, moisture condition, and density state and that 324 

its variation with pressure is distinctly nonlinear. 325 

4. Computational Model 326 

4.1 Three-factor coupled model for the collapse coefficient 327 

The results presented in Section 3 demonstrate that the collapse coefficient varied 328 

nonlinearly with applied vertical pressure. At relatively low pressures, only limited col- 329 

lapse deformation developed. As the applied pressure increased, the soil structure became 330 

increasingly susceptible to wetting-induced rearrangement, resulting in a marked in- 331 

crease in the collapse coefficient. At higher pressures, however, greater compression be- 332 

fore inundation reduced the remaining collapsible pore space, and the collapse coefficient 333 

gradually decreased. On this basis, a pressure-dependent relationship for the collapse co- 334 

efficient was first established. 335 

Marei et al. [27] investigated the wetting-induced deformation of collapsible soils un- 336 

der different combinations of vertical stress and degree of saturation and established re- 337 

lationships describing collapse strain as a function of stress level and moisture state. Their 338 

results indicated that collapse deformation is jointly influenced by the applied stress at 339 

wetting and the degree of saturation, supporting the use of a continuous nonlinear for- 340 

mulation involving both stress and soil-state variables. Accordingly, the nonlinear model 341 

proposed by Wang et al. [26] was adopted as the mathematical basis of the present study. 342 

The nonlinear model proposed by Wang et al. [26] was originally developed to de- 343 

scribe nonlinear stress–strain responses and is expressed as: 344 

a
n
1

m
131 c]p+)c)exp(-bε-[(aε=)σ-(σ=q                    (5) 345 

where q is the deviatoric stress (kPa); σ1 is the axial stress (kPa); σ3 is the confining pressure 346 

(kPa); ε1 is the axial strain, expressed as a percentage; pa is the reference atmospheric pres- 347 

sure, taken as 101.3 kPa; and a, b, c, m, and n are dimensionless fitting parameters. The 348 

exponents m and n primarily control the growth and attenuation characteristics of the 349 

nonlinear stress–strain response, respectively. 350 

To express the governing state variables in dimensionless form and facilitate com- 351 

parison among specimens with different soil-state conditions, the applied vertical pres- 352 

sure was normalized to obtain the dimensionless pressure P, the dry density was con- 353 

verted to void ratio e, and the degree of saturation Sr was calculated from water content 354 

and void ratio. The definitions of P, e, and Sr are given in Eqs. (1)–(3). 355 

By replacing the original pressure variable in the model proposed by Wang et al. [26] 356 

with the dimensionless pressure P, the pressure-dependent collapse-coefficient relation- 357 

ship can be written as 358 

c+)c)exp(-bP-(aP=δ nm
s                             (6)

 

359 

where δs is the dimensionless collapse coefficient, and a, b, c, m, and n are dimensionless 360 

fitting parameters. The fitted parameter values obtained from the experimental data are 361 

summarized in Table 2. 362 

Table 2. Model parameters. 363 
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w/% ρd/(g/cm3) Sr a b c m n R² 

6.6 1.24 0.15 0.347  1.550  0.101  1.300  0.482  0.991  

6.6 1.31 0.167 0.082  0.551  0.136  1.236  0.828  0.992  

6.6 1.39 0.188 0.025  0.253  0.107  1.258  1.040  0.995  

6.6 1.47 0.211 0.008  0.136  0.123  1.607  1.414  0.991  

12.5 1.24 0.285 1.000  2.323  0.042  1.267  0.521  0.989  

12.5 1.31 0.316 0.206  1.261  0.054  1.508  0.725  0.961  

12.5 1.39 0.355 0.046  0.437  0.060  1.773  1.184  0.951  

12.5 1.47 0.4 0.006  0.148  0.036  2.163  1.407  0.976  

14.1 1.24 0.321 1.000  2.419  0.050  1.320  0.504  0.993  

14.1 1.31 0.356 0.466  2.056  0.035  1.802  0.623  0.981  

14.1 1.39 0.401 0.030  0.402  0.043  1.765  1.153  0.957  

14.1 1.47 0.451 0.011  0.151  0.066  1.783  1.405  0.992  

18.2 1.24 0.415 0.467  2.276  0.032  2.056  3.467  0.992  

18.2 1.31 0.46 1.000  2.182  0.007  0.882  0.518  0.992  

18.2 1.39 0.517 1.000  2.578  0.020  1.243  0.485  0.992  

18.2 1.47 0.582 1.000  3.376  0.003  2.484  0.452  0.976  

21.0 1.31 0.531 1.000  2.305  0.038  1.001  0.541  0.998  

21.0 1.39 0.597 1.000  2.461  0.008  1.311  0.566  0.995  

21.0 1.47 0.672 1.000  2.995  0.013  2.047  0.575  0.991  

The measured collapse coefficients and their corresponding fitted curves under dif- 364 

ferent water-content conditions are shown in Fig. 7. 365 

  

(a) (b) 
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(c) (d) 

 
(e) 

Figure 5. Comparison between the measured and fitted pressure-collapse coefficient curves at dif- 366 

ferent water contents: (a) w=6.6%; (b) w=12.5%; (c) w=14.1%; (d) w=18.2%; (e) w=21%.  367 

As shown in Figures 5(a)–(e), the fitted curves are generally consistent with the meas- 368 

ured data and satisfactorily reproduce the overall variation in the collapse coefficient. At 369 

a given water content, variations in dry density affected both the peak collapse coefficient 370 

and the pressure corresponding to the peak. Specimens with lower dry densities generally 371 

possessed a looser pore structure and therefore exhibited greater collapse deformation 372 

upon inundation. As dry density increased, the soil structure became denser, the available 373 

collapsible pore space decreased, and the collapse coefficient generally declined. At a 374 

given dry density, increasing water content reduced the structural difference between the 375 

pre-inundation and post-inundation states, thereby decreasing the additional defor- 376 

mation induced by wetting and, consequently, the collapse coefficient. 377 

Equation (6) captures the principal nonlinear variation of the collapse coefficient with 378 

pressure. As shown in Table 2, m controls the pressure-dependent growth of the power 379 

term, whereas n governs the attenuation behavior of the exponential term, thereby affect- 380 

ing the ascending and descending branches of the pressure–collapse coefficient curve. To 381 

reduce the number of model parameters while preserving its ability to describe the non- 382 

linear pressure response, the fitted values of m and n obtained from all test groups using 383 

the original five-parameter model were statistically analyzed. The mean fitted values of 384 

m and n were 1.569 and 0.942, respectively. Accordingly, the exponents were fixed at 385 

m=1.6 and n=1.0 in the subsequent analysis.  386 

The simplified model can therefore be expressed as follows: 387 
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c+c)exp(-bP)-(aP=δ 1.6
s                         (7) 388 

The refitted parameters obtained from the experimental results are listed in Table 3. 389 

Table 3. Refitted model parameters with fixed exponents m=1.6 and n=1.0. 390 

w/% ρd/(g/cm3) Sr a b c R2 

6.6 1.24 0.15 0.161 0.952 0.153 0.627 

6.6 1.31 0.167 0.0616 0.567 0.152 0.967 

6.6 1.39 0.188 0.0169 0.336 0.108 0.995 

6.6 1.47 0.211 0.00952 0.219 0.104 0.982 

12.5 1.24 0.285 0.447 1.43 0.0542 0.895 

12.5 1.31 0.316 0.153 0.904 0.0611 0.927 

12.5 1.39 0.355 0.0532 0.509 0.0534 0.902 

12.5 1.47 0.4 0.0129 0.254 0.0207 0.941 

14.1 1.24 0.321 0.410 1.43 0.0639 0.868 

14.1 1.31 0.356 0.182 1.01 0.0406 0.940 

14.1 1.39 0.401 0.0356 0.472 0.0387 0.944 

14.1 1.47 0.451 0.0146 0.289 0.0555 0.964 

18.2 1.24 0.415 1.03 3.08 0.0304 0.856 

18.2 1.31 0.46 0.759 1.84 0.0204 0.930 

18.2 1.39 0.517 0.369 1.52 0.0306 0.897 

18.2 1.47 0.582 0.0518 0.567 0.0137 0.944 

21.0 1.31 0.531 0.710 1.87 0.0478 0.924 

21.0 1.39 0.597 0.439 1.58 0.0143 0.947 

21.0 1.47 0.672 0.176 1.20 0.0159 0.960 

Table 3 indicates that, after fixing m=1.6 and n=1.0, the fitted parameters a, b, and c 391 

exhibited distinct variations with the degree of saturation, Sr. Parameters a and b generally 392 

increased with increasing Sr, although some fluctuations were observed under individual 393 

dry-density conditions. This indicates that the moisture state affects both the magnitude 394 

and attenuation characteristics of the pressure-dependent collapse response. In contrast, 395 

parameter c exhibited an overall decreasing tendency with increasing Sr, suggesting that 396 

the limiting component of the collapse response under high-pressure conditions generally 397 

decreased as wetting progressed. 398 

The rates of variation in these parameters differed among the dry-density conditions, 399 

indicating that the pore-structure state influenced the relationship between degree of sat- 400 

uration and the pressure-dependent collapse response. Although some scatter was ob- 401 

served in individual test results, the fitted relationships captured the overall variations of 402 

the model parameters with Sr. These relationships therefore provided the basis for further 403 

establishing the dependence of the saturation-related fitting coefficients on the void ratio, 404 

e. 405 

At a given dry density, the void ratio remains constant, whereas variations in water 406 

content are primarily reflected by changes in the degree of saturation. For each saturation 407 

state, a corresponding set of parameters a, b, and c was obtained by fitting the pressure– 408 

collapse coefficient relationship. Accordingly, under each fixed dry-density condition, Sr 409 
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was adopted as the primary state variable to characterize the moisture-dependent varia- 410 

tion of the model parameters. 411 

Because each dry-density (void-ratio) condition contained only four or five satura- 412 

tion states, the fitting relationships were restricted to simple functions containing no more 413 

than two adjustable coefficients to reduce the risk of overfitting. Based on the observed 414 

parameter trends, linear relationships were adopted for a and b, whereas a logarithmic 415 

relationship was adopted for c.  416 

  

(a) (b) 

 
(c) 

Figure 6. Relationships between the model parameters and degree of saturation under different dry- 417 

density conditions: (a) parameter a; (b) parameter b; and (c) parameter c. Symbols represent the fitted 418 

model parameters. Solid lines in (a) and (b) represent linear fitting relationships, whereas the solid 419 

curves in (c) represent logarithmic fitting relationships. 420 

To quantify the parameter trends shown in Figure 6, the dependence of a, b, and c on 421 

the degree of saturation was described using the same functional forms under each fixed 422 

dry-density condition. The resulting relationships are expressed as follows: 423 

raa SBAa +=                                      (8) 424 

rbb SBAb +=                                      (9) 425 

( )rcc SlnBAc +=                                   (10)   426 

where Aa, Ba, Ab, Bb, Ac, and Bc are fitting coefficients that characterize the saturation-de- 427 

pendent relationships of the model parameters. 428 
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Table 4. Fitted relationships between the model parameters and degree of saturation. 429 

ρd/(g/cm3) Parameter Relationship with degree of saturation Sr R2 

1.24 a a=−0.386+3.07Sr 0.838 

1.24 b b=−0.464+7.47Sr 0.770 

1.24 c c=−0.0817−0.121ln(Sr) 0.956 

1.31 a a=−0.407+2.14Sr 0.800 

1.31 b b=−0.228+4.01Sr 0.911 

1.31 c c=−0.048−0.104ln(Sr) 0.836 

1.39 a a=−0.289+1.15Sr 0.780 

1.39 b b=−0.574+3.57Sr 0.805 

1.39 c c=−0.0722−0.0795ln(Sr) 0.984 

1.47 a a=−0.0929+0.315Sr 0.617 

1.47 b b=−0.400+1.97Sr 0.690 

1.47 c c=−0.0226−0.077ln(Sr) 0.805 

As shown in Table 4, under each fixed dry-density condition, parameters a, b, and c 430 

varied with the degree of saturation, although their rates of change and fitting perfor- 431 

mance differed among the parameter relationships. The fitted relationships for parame- 432 

ters a and b generally exhibited positive slopes, indicating an overall increase in both pa- 433 

rameters with increasing Sr. These trends suggest that the moisture state affects both the 434 

magnitude and the pressure-dependent evolution of the collapse response.In contrast, pa- 435 

rameter c decreased with increasing Sr, indicating that the limiting collapse coefficient un- 436 

der high-pressure conditions tended to decrease as the soil approached a wetter state. 437 

The relationships between the model parameters and degree of saturation varied 438 

among the different dry-density groups. Parameters b and c generally showed moderate 439 

to good correlations with Sr, whereas parameter a exhibited greater scatter under some 440 

dry-density conditions. For example, at a dry density of 1.47 g/cm3, the coefficient of de- 441 

termination for the a−Sr relationship was 0.617, which was lower than those obtained for 442 

the corresponding b−Sr and c−Sr relationships. This relatively weak correlation may be 443 

partly attributed to the limited number of saturation states and the small magnitude of 444 

parameter a under dense conditions. In addition, parameters a, b, and c jointly determine 445 

the pressure-dependent collapse response, and their effects on the calculated collapse co- 446 

efficient are therefore coupled rather than independent. Consequently, the fitting perfor- 447 

mance of an individual parameter relationship does not necessarily translate directly into 448 

the predictive accuracy of the complete coupled model. Therefore, the R2 values listed in 449 

Table 4 are used only to characterize the fitting performance of the individual parameter 450 

relationships, whereas the overall predictive accuracy of the coupled model is evaluated 451 

separately through back-calculation of the collapse coefficient. 452 

At a given dry density, the void ratio remains constant, whereas variations in Sr rep- 453 

resent changes in the moisture state of the specimen. Table 4 presents the relationships 454 

between parameters a, b, and c and Sr under the four investigated dry-density conditions. 455 

The coefficients Aa, Ba, Ab, Bb, Ac, and Bc obtained from these relationships provide discrete 456 

descriptions of the saturation-dependent parameter variation at the corresponding void- 457 

ratio levels. To incorporate the effect of pore-structure state into a unified formulation, the 458 

variation trends of these coefficients with void ratio were further considered. 459 

The void ratios corresponding to the four dry densities were 1.194, 1.076, 0.957, and 460 

0.850. The void ratio was subsequently adopted as the independent variable to character- 461 

ize the pore-structure dependence of the saturation-dependent coefficients. Because only 462 

four void-ratio levels were available, simple functional forms containing no more than 463 

two adjustable coefficients were considered to reduce the risk of overfitting. The initial 464 

functional forms were selected according to the variation trends obtained from Table 4. 465 
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The corresponding coefficients were then jointly calibrated against the complete experi- 466 

mental dataset under the constraints a>0, b>0, and c>0 within the investigated state range, 467 

thereby improving the numerical stability of the coupled formulation. The resulting con- 468 

strained parameterization is presented in Table 5.  469 

Table 5. Constrained parameterization of the saturation-dependent coefficients with respect to void 470 

ratio. 471 

Pressure-model pa-

rameter 

Saturation-dependent 

relationship 
Coefficient Calibrated relationship or value 

a a=Aa+Ba·Sr Aₐ Aa=−0.0464−0.278ln(e) 

a a=Aa+Ba·Sr Bₐ Ba=−2.89+3.47e 

b b=Ab+Bb·Sr Ab Ab=0 

b b=Ab+Bb·Sr Bb Bb=−7.67+10.1e 

c c=Ac+Bc·ln(Sr) Ac Ac=−0.0164−0.0838ln(e) 

c c=Ac+Bc·ln(Sr) Bc Bc=0.0589−0.126e 

As shown in Table 5, the saturation-dependent coefficients were parameterized using 472 

simple functions of void ratio while preserving the functional structures identified from 473 

Table 4. Logarithmic relationships with e were adopted for Aa and Ac, whereas linear rela- 474 

tionships were used for Ba, Bb, and Bc. During the constrained calibration, Ab was set to 475 

zero, allowing parameter b to be expressed directly through the saturation-dependent 476 

term BbSr. This simplification avoids introducing an additional weakly supported coeffi- 477 

cient relationship and contributes to the numerical stability of the coupled formulation. 478 

The coefficients listed in Table 5 were jointly calibrated against the complete experi- 479 

mental dataset under the constraints a>0, b>0, and c>0 within the investigated state range. 480 

These constraints ensure positive model parameters and prevent numerical divergence of 481 

the pressure-dependent response at high pressure. Because the coefficients were obtained 482 

through constrained joint calibration rather than independent regressions, the parameter- 483 

ization is evaluated based on the predictive performance of the complete three-factor cou- 484 

pled collapse-coefficient model rather than on the coefficients of determination of individ- 485 

ual intermediate relationships. 486 

Based on the functional structures identified in Table 4 and the constrained coeffi- 487 

cient parameterization presented in Table 5, the pressure-model parameters can be ex- 488 

pressed as continuous functions of Sr and e. Together with the fixed pressure exponents 489 

m=1.6 and n=1.0, these relationships define the final coupled formulation.  490 

Accordingly, parameter a can be expressed as: 491 

( ) ( )  ( ) rr Seelne,Sa 47.389.2278.00464.0 +−+−−=                            (11) 492 

Similarly, parameter b is given by: 493 

( ) ( ) rSeeSr,b 1.1067.7 +−=                                         (12) 494 

Parameter c is expressed as:  495 

   ( ) ( )  ( ) ( )rSlneelneSr,c 126.00589.00838.00164.0 −+−−=                        (13) 496 

where Sr is the degree of saturation expressed in decimal form and e is the void ratio. 497 

Because logarithmic terms are included in Eqs. (11) and (13), both Sr and e must be greater 498 

than zero. More importantly, these empirical relationships should be applied only within 499 

the experimentally investigated ranges of Sr and e. 500 

Substituting Eqs. (11)–(13) into the pressure-dependent relationship yields the final 501 

three-factor coupled collapse-coefficient model: 502 

( ) ( ) ( )  ( )  ( )e,Sc+Pe,Sb-expe,Sc-Pe,Sa=e,SP,δ rrr
1.6

rrs            (14) 503 

Within the proposed model, the dimensionless pressure P represents the normalized 504 

applied vertical pressure and describes the pressure-dependent evolution of the collapse 505 
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coefficient. The degree of saturation Sr characterizes the moisture state and the extent of 506 

pore-water filling and affects the magnitude and pressure-dependent evolution of the col- 507 

lapse response through parameters a, b, and c.The void ratio e characterizes the pore-struc- 508 

ture state and accounts for the influence of soil density on the saturation-dependent pa- 509 

rameter relationships. These three state variables do not contribute through independent 510 

additive terms; rather, their coupled effects are incorporated into the pressure-dependent 511 

collapse response through the model parameters. 512 

Although P, Sr, and e are the direct state variables used in Eq. (14), they are derived 513 

from experimentally controlled quantities, including applied vertical pressure, water con- 514 

tent, and dry density. The proposed model therefore incorporates the coupled effects of 515 

applied vertical pressure, moisture state, and pore-structure state on the collapse coeffi- 516 

cient. Compared with empirical relationships expressed directly in terms of water content 517 

or dry density, the use of degree of saturation and void ratio provides a more physically 518 

representative description of the soil state, particularly when specimens with the same 519 

water content exhibit different pore-structure states and degrees of pore-water filling. 520 

Equation (14) was evaluated against all valid experimental data within the investi- 521 

gated ranges of applied vertical pressure, degree of saturation, and void ratio. The pro- 522 

posed three-factor coupled model yielded an overall coefficient of determination of 523 

R2=0.783, with a root mean square error of 0.0217 and a mean absolute error of 0.0171. 524 

Overall, the model captured the principal variations in the collapse coefficient with ap- 525 

plied vertical pressure, degree of saturation, and void ratio, although deviations remained 526 

under individual state conditions. These deviations may be associated with experimental 527 

scatter and the cumulative uncertainty introduced during the multistage parameteriza- 528 

tion and constrained-calibration procedure. 529 

It should be emphasized that Eqs. (11)–(14) constitute an empirical formulation cali- 530 

brated using remolded loess collected from the Ili region of Xinjiang, China. Therefore, 531 

the fitted coefficients are soil-specific and are primarily applicable to the tested Ili loess 532 

within the investigated ranges of applied vertical pressure, degree of saturation, and void 533 

ratio. In the present study, the applicable ranges are 50≤p≤2000 kPa, 0.150≤Sr≤0.672, and 534 

0.850≤e≤1.194. Application of the proposed model to loess from other regions or to soil 535 

states outside these ranges requires additional experimental calibration and validation. 536 

For each void-ratio condition, the applicable range of Sr should be restricted to the 537 

corresponding experimentally measured range.  538 

4.2 Model Validation 539 

  

(a) (b) 
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(c) (d) 

Figure 7. Comparison between the model-predicted response surfaces and measured collapse coef- 540 

ficients under different void-ratio conditions: (a) e=1.194; (b) e=1.0763; (c) e=0.957; (d) e=0.85.  541 

Figure 7 compares the model-predicted response surfaces with the measured data 542 

under different void-ratio conditions. Overall, the model adequately reproduces the prin- 543 

cipal variations in the collapse coefficient with dimensionless pressure and degree of sat- 544 

uration. 545 

At a given void ratio, the collapse coefficient generally increased with dimensionless 546 

pressure over the low-pressure range, reached a peak within an intermediate pressure 547 

range, and then gradually decreased. At the same time, the collapse coefficient showed an 548 

overall decreasing trend with increasing degree of saturation. Both the peak magnitude 549 

and the pressure corresponding to the peak varied among the different void-ratio condi- 550 

tions, indicating that the pore-structure state influenced both the magnitude and pressure- 551 

dependent evolution of the collapse response. 552 

The measured data generally followed the overall trends represented by the model- 553 

predicted surfaces, although noticeable deviations remained under some state conditions. 554 

These results indicate that, within the investigated range, the proposed three-factor cou- 555 

pled model can reasonably characterize the combined effects of dimensionless pressure, 556 

degree of saturation, and void ratio. 557 

4.3 Model Application Procedure 558 

Once e and Sr have been determined, the applied vertical pressure p is normalized 559 

using Eq. (1) to obtain the dimensionless pressure P. The void ratio e is then substituted 560 

into the constrained parameterization presented in Table 5 to determine Aa, Ba, Ab, Bb, Ac, 561 

and Bc. These coefficients, together with the degree of saturation, are subsequently substi- 562 

tuted into Eqs. (11)–(13) to obtain the corresponding values of a, b, and c. 563 

Finally, the resulting parameter values and the dimensionless pressure P are substi- 564 

tuted into Eq. (14) to determine the collapse coefficient δs for the specified soil state. The 565 

calculated value can then be compared with the criterion of δs=0.015. A soil state is classi- 566 

fied as collapsible when δs≥0.015, whereas δs<0.015 indicates a non-collapsible state under 567 

the specified condition. 568 

The proposed model can be applied not only to individual-state calculations but also 569 

to continuous parametric analyses. At fixed void ratio and degree of saturation, varying 570 

the dimensionless pressure generates the corresponding pressure–collapse coefficient 571 

curve. At fixed void ratio, simultaneous variation in dimensionless pressure and degree 572 

of saturation produces a three-dimensional response surface. The degree of saturation 573 

may also be varied according to the moisture-induced evaluation framework established 574 

in Section 4.5 to examine changes in collapse potential during progressive wetting. The 575 
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model can therefore be readily implemented for batch calculations and systematic para- 576 

metric analyses.  577 

The overall back-calculation results indicate that the proposed model captures the 578 

principal variations in the collapse coefficient with dimensionless pressure, degree of sat- 579 

uration, and void ratio. Nevertheless, discrepancies remain between the calculated and 580 

measured values under certain conditions. These deviations may result from experi- 581 

mental scatter, uncertainties in the intermediate parameter relationships, and the multi- 582 

stage parameterization and constrained-calibration procedure. Therefore, the proposed 583 

formulation should be regarded as an empirical prediction model applicable within the 584 

investigated state range rather than as a universal relationship independent of soil type 585 

and soil state. The present model does not explicitly account for differences in soil fabric, 586 

mineralogical composition, or other soil-specific characteristics. Therefore, additional cal- 587 

ibration and validation are required before the model is applied to loess from other re- 588 

gions or to soil states substantially different from those investigated in this study. 589 

Overall, the proposed model integrates the effects of moisture state, pore-structure 590 

state, and applied vertical pressure into a unified continuous formulation. Within the in- 591 

vestigated state range, the model enables direct calculation of the collapse coefficient for 592 

a specified soil state and evaluation of changes in the remaining collapse potential during 593 

progressive wetting. 594 

4.4 Engineering-Scale Evaluation Using a Field Immersion Test 595 

To further examine the engineering applicability of the proposed three-factor cou- 596 

pled collapse-coefficient model, a large-scale field immersion test of Ili loess reported by 597 

Zhang et al. [29] was selected for comparison. The test was conducted at a large channel 598 

project in the Ili region of Xinjiang, China, where an approximately 30-m-thick collapsible 599 

loess deposit was investigated. Zhang et al. [29] reported the depth-dependent distribu- 600 

tions of natural water content and dry density and obtained a measured self-weight col- 601 

lapse of 3520 mm from the field immersion test. These field data provide an engineering- 602 

scale basis for evaluating whether the proposed model can estimate foundation self- 603 

weight collapse from routinely obtainable soil-state parameters. 604 

The 30 m loess profile was discretized into 30 soil layers, each with a thickness of 1 605 

m. The representative calculation depth of each layer was taken at its midpoint. Therefore, 606 

the calculation depths were 0.5, 1.5, 2.5, …, and 29.5 m. The measured natural water con- 607 

tent and dry density corresponding to each depth interval were adopted as the representa- 608 

tive soil-state parameters of the corresponding layer. 609 

For each soil layer, the void ratio ei and degree of saturation Sr,i were calculated from 610 

the corresponding dry density and natural water content using Eqs. (2) and (3), respec- 611 

tively. 612 

Because the collapse response of each 1 m layer was evaluated at the midpoint of the 613 

layer, the representative self-weight vertical pressure was calculated as the mean of the 614 

pressures at the upper and lower boundaries: 615 

2

1
,

ii
im

pp
p

+
= −                                          (20) 616 

where pi and pi−1 are the accumulated self-weight vertical pressures at the lower and upper 617 

boundaries of the ith layer, respectively, and p0=0. 618 

The self-weight vertical pressure at the midpoint of each layer was then normalized 619 

by the reference atmospheric pressure: 620 

3.101

,im
i

p
p =                                           (21) 621 
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The resulting Pi, Sr,i, and ei were substituted into Eqs. (11)–(14) to calculate the model- 622 

predicted collapse coefficient δzs,i corresponding to the self-weight pressure at the mid- 623 

point of the ith soil layer.The self-weight collapse contribution of each layer was subse- 624 

quently calculated as 625 

iizsizs, hs ,=                                          (22) 626 

where hi=1000 mm is the thickness of the ith soil layer. Following the collapse criterion 627 

adopted in this study, layers with δzs,i<0.015 were excluded from the accumulation. There- 628 

fore, the total model-predicted self-weight collapse was calculated as 629 

015.0, ,

1

, = 
=

izs

n

i

iizsmodelzs, h                                  (23) 630 

The above procedure was applied successively to all 30 soil layers. For example, the 631 

representative self-weight pressures at depths of 0.5, 1.5, and 2.5 m were 8.90, 26.75, and 632 

44.55 kPa, respectively. The corresponding soil-state parameters were substituted into 633 

Eqs. (11)–(14) to determine the model-predicted collapse coefficient of each layer. The pre- 634 

dicted collapse coefficient of the shallowest 0–1 m layer was 0.0105, which was lower than 635 

the collapse criterion of 0.015 and was therefore excluded from the accumulation of self- 636 

weight collapse. The remaining 29 layers exhibited predicted collapse coefficients greater 637 

than 0.015 and were included in the calculation. 638 

Summation of the collapse deformation of the layers satisfying the collapse criterion 639 

yielded a total model-predicted self-weight collapse of 640 

.71.3330 mmmodelzs, =  641 

The corresponding self-weight collapse measured in the large-scale field immersion 642 

test reported by Zhang et al. [29] was 643 

.3520mmfieldzs, =  644 

The proposed model therefore underestimated the field-measured self-weight col- 645 

lapse by 189.29 mm, corresponding to a relative error of 5.38%. Considering the spatial 646 

variability of natural loess and the fact that the model parameters were calibrated using 647 

laboratory remolded specimens, the calculated result shows reasonably good agreement 648 

with the field measurement. The engineering-scale comparison indicates that the pro- 649 

posed coupled formulation can reasonably estimate the overall magnitude of self-weight 650 

collapse using depth-dependent soil-state parameters and self-weight pressure. 651 

The calculation also demonstrates the practical application procedure of the pro- 652 

posed model. Once the vertical distributions of water content and dry density of a loess 653 

foundation are available, the corresponding void ratio and degree of saturation can be 654 

determined for each soil layer. Combined with the self-weight vertical pressure at the rep- 655 

resentative depth of each layer, Eqs. (11)–(14) can be used to calculate the depth-depend- 656 

ent collapse coefficient and subsequently estimate the total self-weight collapse of the 657 

foundation. Therefore, the proposed formulation establishes a direct quantitative link be- 658 

tween routinely measurable soil properties and foundation-scale self-weight collapse and 659 

provides a potential basis for engineering assessment of collapsible loess foundations. 660 

It should be noted that several field calculation points extend slightly beyond the 661 

state ranges used for laboratory model calibration. In particular, the representative self- 662 

weight pressures of the first three layers are lower than the minimum laboratory pressure 663 

of 50 kPa, while several loose soil layers exhibit void ratios greater than the calibrated 664 

upper limit of e=1.194.. Therefore, although the calculated self-weight collapse agrees rea- 665 

sonably well with the field measurement, the present comparison should be regarded as 666 

an engineering-scale application of the proposed model. Additional laboratory and field 667 

data covering broader stress and pore-structure conditions are required to further evalu- 668 

ate its general applicability. 669 

4.5 Moisture-Induced Evaluation Framework 670 
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The three-factor coupled model established in Section 4.1 expresses the collapse co- 671 

efficient as a continuous function of dimensionless pressure, degree of saturation, and 672 

void ratio. In engineering environments involving water infiltration, loess foundations 673 

typically experience progressive wetting rather than instantaneous saturation. Reservoir 674 

impoundment, groundwater rise, prolonged rainfall infiltration, and leakage from water- 675 

conveyance structures can progressively alter the soil moisture state. Therefore, evaluat- 676 

ing collapsibility solely on the basis of the initial moisture state cannot fully capture the 677 

evolution of collapse potential during continued wetting. 678 

To extend the model from discrete moisture states to progressive wetting conditions, 679 

a dimensionless wetting parameter, Sw, is introduced to quantify the relative progression 680 

of wetting from the initial moisture state toward the theoretical saturated state. 681 

0

0

w-w

w-w
=S

sat

1
w                                                (24) 682 

where Sw denotes the dimensionless wetting parameter, w0 is the initial water content, wi 683 

is the water content corresponding to a given wetting stage, and wsat is the theoretical sat- 684 

urated water content. All water-content values are expressed in decimal form in the cal- 685 

culations. 686 

When Sw=0, the soil remains at its initial moisture state, whereas Sw increases progres- 687 

sively as wetting proceeds. Theoretically, Sw=1 corresponds to the saturated state. There- 688 

fore, Sw provides a normalized measure of wetting progression from the initial moisture 689 

state toward the theoretical saturated state. 690 

For a given void ratio, the saturated state corresponds to Sr=1. Accordingly, the the- 691 

oretical saturated water content can be expressed as: 692 

s

sat
G

e
=w                                                (25)

 

693 

where e is the void ratio and Gs is the specific gravity of the soil solids.  

694 

Combining the above expression with the degree-of-saturation relationship given in 

695 

Eq. (3) yields the following relationship between the wetting parameter and the degree of 

696 

saturation: 

697 

( )00 1 rrr SSS=S −+                                          (26)

 

698 

where Sr0 denotes the initial degree of saturation.Equation (26) shows that, for a fixed void 

699 

ratio, the degree of saturation Sr increases linearly with the wetting parameter Sw. This 

700 

relationship provides a direct link between the progressive-wetting framework and the 

701 

three-factor coupled model established in Section 4.1. 

702 

At a given wetting stage, Sw and Sr are first determined from the corresponding water 

703 

content.using Eqs. (24) and (26). The resulting Sr,together with P and e, is then substituted 

704 

into Eq. (14) to calculate the collapse coefficient at the corresponding wetting stage. 

705 

In this study, the lowest tested water content of 6.6% was taken as the initial state of 706 

the representative wetting path, while the tested water contents of 12.5%, 14.1%, 18.2%, 707 

and 21.0% were regarded as successive wetting stages. The corresponding ranges of the 708 

wetting parameter and degree of saturation under different dry-density conditions are 709 

summarized in Table 6. 710 

Table 6. Ranges of wetting parameter and degree of saturation under different dry-density condi- 711 

tions. 712 

ρd/(g/cm3) e wsat(%) Measured water-content range Sw  Sr=0.5 

1.24 1.194 43.88 6.6-18.2 0–0.31 0.15–0.41 
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ρd/(g/cm3) e wsat(%) Measured water-content range Sw  Sr=0.5 

1.31 1.076 39.57 6.6-21.0 0–0.44 0.17–0.53 

1.39 0.957 35.18 6.6-21.0 0–0.50 0.19–0.60 

1.47 0.850 31.26 6.6-21.0 0–0.58 0.21–0.67 

As shown in Table 6, the maximum wetting parameter covered by the experiments 713 

was 0.584, and the maximum degree of saturation was 0.672, indicating that the satu- 714 

rated state was not reached. Therefore, the subsequent wetting analysis is restricted to 715 

the experimentally investigated range, and no extrapolation to Sw = 1.0 is performed. 716 

It should be noted that the different water-content states investigated in this study 717 

were obtained from separately prepared specimens rather than through continuous wet- 718 

ting of the same specimen. Accordingly, the representative wetting sequence established 719 

herein was reconstructed from independently prepared specimens at discrete moisture 720 

states and is intended to characterize the overall evolution of collapse potential during 721 

progressive wetting. 722 

4.6 Variation in the Collapse Coefficient during Progressive Wetting 723 

After determining the water content and degree of saturation corresponding to each 724 

wetting stage, the dimensionless pressure P, degree of saturation Sr, and void ratio e were 725 

substituted into the three-factor coupled model to calculate the collapse coefficient at each 726 

wetting state. All valid data within the experimentally investigated range were included 727 

in the subsequent analysis. For an increase in the wetting parameter from Sw1 to Sw2, the 728 

reduction in the collapse coefficient during that stage was calculated as follows: 729 

( ) ( )w2sw1s

SS

s Sδ-Sδ=δ 2w1w
→                           (27) 

730 

where δs(Sw1) and δs(Sw2) are the mean collapse coefficients corresponding to two succes- 731 

sive wetting states. Δδs represents the reduction in the collapse coefficient between two 732 

successive wetting states and is used as an indicator of the reduction in the remaining 733 

collapse potential during the corresponding wetting stage. 734 

To examine the overall saturation-dependent variation in collapse potential and eval- 735 

uate whether the proposed model captures this trend, the measured and calculated results 736 

were grouped according to the experimentally covered degree-of-saturation range. 737 

The measured degree of saturation ranged from 0.15 to 0.672. Based on the distribu- 738 

tion of the data, this range was divided into four intervals: 0.15–0.30, 0.30–0.40, 0.40–0.50, 739 

and 0.50–0.672. Here, a degree-of-saturation interval refers to a specified range of Sr used 740 

to group the measured and model-calculated results for statistical comparison.The mean 741 

measured and model-calculated collapse coefficients were then determined for each in- 742 

terval. 743 

To further compare the relative distribution of the collapse coefficient among differ- 744 

ent saturation intervals, the mean collapse coefficient in each interval was normalized by 745 

the sum of the mean values over all four intervals. The normalized proportion for the ith 746 

saturation interval was calculated as follows: 747 

%100


=
sj

si
i 




                          (28) 
748 

where ηi is the normalized proportion of the mean collapse coefficient in the ith satura-
749 

tion interval, δs,i is the corresponding mean collapse coefficient, and the denominator 
750 

represents the sum of the mean collapse coefficients over all four saturation intervals. 
751 

Table 7. Comparison of mean measured and model-calculated collapse coefficients and their nor- 752 

malized proportions within different degree-of-saturation intervals. 753 
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Degree-of-satura-

tion interval Sr 

Mean measured col-

lapse coefficient 

Mean calculated col-

lapse coefficient 

Measured normalized 

proportion/% 

Calculated normalized 

proportion% 

0.15–0.30 0.111 0.108 39.16 37.82 

0.30–0.40 0.0677 0.077 23.83 26.8 

0.40–0.50 0.0551 0.060 19.38 21.05 

0.5–0.672 0.0501 0.041 17.63 14.34 

As shown in Table 7, both the measured and model-calculated mean collapse coeffi- 754 

cients decreased continuously with increasing degree of saturation. The measured mean 755 

collapse coefficient decreased from 0.111 in the lowest saturation interval to 0.0501 in the 756 

highest saturation interval, while the corresponding model-calculated value decreased 757 

from 0.108 to 0.041. This consistent overall trend indicates that increasing degree of satu- 758 

ration was associated with a progressive reduction in the remaining collapse potentialt. 759 

According to Eq. (24), the reductions in the measured mean collapse coefficient be- 760 

tween the three pairs of adjacent saturation intervals were 0.0433, 0.0126, and 0.005, re- 761 

spectively. The progressively smaller reductions indicate that the decrease in the interval- 762 

averaged remaining collapse potential became less pronounced at higher degrees of satu- 763 

ration. For comparison, the corresponding reductions obtained from the model-calculated 764 

mean collapse coefficients were 0.031, 0.017, and 0.019, respectively. Although the model- 765 

calculated reductions did not exhibit the same progressively decreasing magnitude as the 766 

measured results, the model reproduced the overall decrease in the mean collapse coeffi- 767 

cient with increasing degree of saturation. 768 

Within the highest saturation interval (Sr=0.500–0.672), the measured normalized 769 

proportion decreased to 17.63%, whereas the model-calculated value was 14.34%, corre- 770 

sponding to a difference of 3.29 percentage points. Together with the overall decrease in 771 

the interval-averaged collapse coefficients, these results indicate that the relative contri- 772 

bution of higher degree-of-saturation states to the overall collapse response was compar- 773 

atively smaller. The proposed model captured this overall redistribution reasonably well, 774 

although it moderately underestimated the relative response within the highest saturation 775 

interval. 776 

5 Conclusions  777 

(1) The collapse coefficient of remolded Ili loess was jointly influenced by moisture 778 

state, pore-structure state, and applied vertical pressure. The collapse coefficient generally 779 

decreased with increasing water content and degree of saturation, while the influence of 780 

void ratio varied with moisture state and applied pressure. The pressure-dependent re- 781 

sponse was distinctly nonlinear, generally exhibiting an initial increase, a peak within an 782 

intermediate pressure range, and a subsequent decrease. These results indicate that the 783 

collapse response cannot be adequately characterized by a single state variable. 784 

(2) A three-factor coupled collapse-coefficient model was developed using dimen- 785 

sionless pressure P, degree of saturation Sr, and void ratio e as the governing state varia- 786 

bles. With the pressure exponents fixed at m=1.6 and n=1.0, the saturation- and void-ratio- 787 

dependent parameter relationships were established through constrained parameteriza- 788 

tion. Back-calculation using all experimental data points yielded an overall coefficient of 789 

determination of R2=0.783, with RMSE = 0.0217 and MAE = 0.0171. The results indicate 790 

that the model captures the principal variations in the collapse coefficient within the in- 791 

vestigated state range. 792 

(3) The collapse response showed an overall reduction with increasing degree of sat- 793 

uration. Across the four degree-of-saturation intervals of 0.150–0.300, 0.300–0.400, 0.400– 794 

0.500, and 0.500–0.672, the measured normalized proportions of the interval-averaged col- 795 

lapse coefficients were 39.16%, 23.83%, 19.38%, and 17.63%, respectively, while the corre- 796 

sponding model-calculated proportions were 37.82%, 26.80%, 21.05%, and 14.34%. The 797 
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model reproduced the overall decreasing distribution with increasing degree of satura- 798 

tion, although some discrepancy remained in the highest saturation interval. The mois- 799 

ture-induced evaluation framework therefore provides a quantitative means of character- 800 

izing changes in the remaining collapse potential with increasing moisture state. 801 

(4) The engineering applicability of the proposed formulation was further examined 802 

using a large-scale field immersion test conducted in the Ili region. Based on the reported 803 

30 m soil profile, the foundation was discretized into 1 m layers, and the self-weight pres- 804 

sure at the midpoint of each layer was combined with the corresponding moisture and 805 

pore-structure states to calculate the layer  wise collapse response. The proposed model 806 

predicted a total self-weight collapse of 3330.71 mm, compared with the field-measured 807 

value of 3520 mm, corresponding to a relative error of 5.38%. This engineering-scale com- 808 

parison demonstrates the potential of the proposed formulation for estimating foundation 809 

self-weight collapse from depth-dependent water-content and dry-density data. 810 

(5) The proposed formulation is an empirical model calibrated using remolded Ili 811 

loess and is primarily applicable within the experimentally investigated ranges of 812 

50≤p≤2000 kPa, 0.150≤Sr≤0.672, and 0.850≤e≤1.194. Several shallow field calculation points 813 

in the engineering application extended slightly beyond these calibration ranges; there- 814 

fore, the field comparison should be interpreted as an engineering-scale application rather 815 

than strict independent validation. Further laboratory and field calibration is required be- 816 

fore the model is applied to loess from other regions or to substantially different stress, 817 

moisture, and pore-structure conditions. 818 
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